To determine whether relatively low leptin levels predict changes in adiposity in prepubertal and pubertal obese children.
Introduction
Although significant progress has been made in defining the role of leptin in the regulation of energy homeostasis during starvation, its role in the regulation of adiposity, is still unclear. 1 In human obesity, mutations in the leptin gene are extremely rare. 2 Indeed, most obese individuals have higher plasma leptin concentration than non-obese subjects, implying the presence of a 'leptin resistance state'. 3 Even though plasma leptin levels increase in parallel to adipose stores in humans, as assessed by body mass index (BMI) or percentage of body fat, there is a substantial variation in circulating leptin levels at any given amount of BMI. 3 Such variation may be clinically important since, as reported by Ravussin et al, 4 relatively low leptin concentrations are predictive of subsequent increases in body fat in Pima Indians. Conversely, in a study of nonobese adults, Chessler et al 5 found that increased leptin levels are associated with fat accumulation in Japanese Americans. Thus, it is unclear whether the variation in leptin levels among individuals plays a role in the development of obesity. The ability to predict excessive weight gain using simple biochemical indices would be of great clinical relevance, particularly among children and adolescents. To determine whether leptin might be useful as a biochemical index in predicting progression of obesity over time in children and adolescents, we studied the relationship between baseline leptin levels and subsequent changes in adiposity in obese children and adolescents after an average follow-up of 2.5 y. We hypo-thesize that obese children with relatively low serum leptin levels would gain more weight than those with high or normal leptin levels.
Methods

Study population
The study consisted of 33 obese boys and 35 obese girls. Among the boys there were 22 Caucasians and 11 AfricanAmericans and among the girls there were 24 Caucasians and 11 African-Americans. Children were recruited from the Yale Pediatric Obesity Clinic.
A detailed medical and nutritional history was obtained for each subject. During the physical examination, height and weight were measured while the subjects were fasting and wearing only their undergarments. BMI or Quetelet index was then calculated as weight (kg) over height (m 2 ), and used as an indirect measure of adiposity. All obese children had a BMI > 95th percentile specific for age and sex (based on percentile curves for white girls and boys computed from the CDC growth charts). 6 To standardize the BMI value for age and gender, BMI Z-score was computed using NHCS reference values (EPIinfo.www.cdc.gov/Epo/epi/ epiinfo/htm). 6 All obese children had one or both parents with obesity (BMI > 30). Tanner stage of pubic hair, breast or genital development was assessed by physical examination before participation in the study. Prepubertal boys had testes volume of < 2.3 ml, no pubic hair. Prepubertal girls had no pubic hair or breast development. Among the obese boys there were 13 prepubertal children and 20 adolescents. The age range for the preadolescent boys was 7 -11 y and 12 -18 for the adolescent boys. The age range for the 14 preadolescent girls was 2 -11 y and 12 -17 y for the 21 adolescent girls.
No subjects were taking any medications, none had any history of recent intercurrent illness, and none were participating in an organized physical training program. The nature and purpose of the study were carefully explained to both parents and children before written voluntary consent to participate in the study was obtained. The study protocols were approved by the Human Investigation Committee of the Yale University School of Medicine.
Data on insulin sensitivity and secretion in 11 girls and for 12 boys have been reported elsewhere. 7 After an overnight fast, a venous blood sample was obtained from an antecubital vein for determination of plasma insulin and leptin. After an average of 2.5 y from the initial visit, all children were invited to return for a measurement of height and weight. All but four boys and six girls returned for a reevaluation of anthropometric measurements, as described above.
Determination of plasma leptin and insulin Plasma leptin levels were measured in duplicate using a double-antibody radioimmunoassay (Human Leptin RIA Kit, Linco Research, St Charles, MO, USA). The limit of sensitivity for the human leptin assay is 0.5 ng=ml, the intra-assay coefficient of variation was 6.4% for a mean level of 14 ng=ml, and the interassay coefficient of variation was 7.6% for a mean level of 15.5 ng=ml. Plasma insulin was measured by a double-antibody RIA (Linco Research, St Charles, MO, USA), which has less than 1% cross-reactivity with C-peptide, proinsulin and proinsulin split-products. The intra-and interassay variations for insulin were 11 and 12%, respectively.
Statistical analysis
Univariate statistics were first generated for all study variables, and the data are expressed as mean AE s.e., unless otherwise stated. Simple baseline differences between preadolescent and adolescent boys and girls in mean BMI, and fasting insulin and leptin were assessed using analysis of variance (ANOVA). The Pearson product -moment correlation coefficient next tested the simple correlation between BMI and leptin concentrations at baseline.
Multiple linear regression stratified by sex was used to determine the longitudinal relation between $ 3 y changes in BMI Z-score, and insulin and leptin levels, while controlling for baseline Z-score, puberty status and length of followup.
Results
Anthropometric and metabolic phenotype of preadolescent and adolescent boys and girls At baseline, obese preadolescent boys and girls had similar age, height, weight and BMI Z-score, fasting insulin and leptin levels (Table 1) . Following an average of about 3 y, six obese boys and six obese girls were in full puberty (Tanner stages 3 -4). Mean weight change calculated as DBMI Z-score in boys was 7 0.10 AE 0.24 (range 7 0.58 -0.23) and in girls 7 0.14 AE 0.14 (range 7 0.44 -0.10). Although the absolute BMI in prepubertal girls was significantly greater than that in Predicting future weight gain M Savoye et al boys, there was no significant difference in changes in BMI Z-score between prepubertal boys and girls. As shown in Table 2 , at baseline in the adolescent boys and girls, no significant gender differences were observed for height, weight, BMI Z-score and insulin levels. Of note, plasma leptin levels were significantly greater in obese girls than those in obese boys (P < 0.01). The gender dimorphism in leptin levels seen in the obese adolescents was clearly not present in obese preadolescents (Table 1 ). There was no ethnic difference in leptin levels. At follow-up, mean DBMI Z-score in adolescent boys was 0.11 AE 0.18 (range 7 0.22 -0.44) and in girls it was 0.04 AE 0.45 (range 7 0.43 -1.31; Table 2 ). There was no significant difference in change in BMI Z-score between adolescent boys and girls.
Relationship between weight change and biochemical parameters As previously reported, 8 we found a positive strong linear correlation between plasma leptin levels and BMI in both obese boys (0.74, P < 0.001) and girls (r ¼ 0.63, P < 0.0002; Figure 1 ). In obese prepubertal boys and girls, we found that BMI at follow-up was linearly related to baseline fasting insulin levels, after adjusting for baseline BMI (partial r ¼ 0.52, P < 0.01). Similar findings were also found in pubertal obese boys. Multiple linear regression analysis stratified by sex was used to elucidate the relationship between baseline plasma leptin levels and subsequent changes in BMI Zscore, while adjusting for basal BMI Z-score, Tanner stage, years of follow-up and basal insulin. As indicated in Table 3 , high basal leptin levels were positively associated with greater changes in BMI Z-score only in girls. Each 1 ng=ml increase in basal leptin was associated with a 0.014 increase in DBMI Z-score. Basal leptin levels in girls explained 18% (P < 0.006) of the increase in BMI.
Discussion
This study provides longitudinal information about the predictive significance of leptin levels with respect to the progression of obesity, in a biracial cohort of obese children and adolescents. Contrary to our original hypothesis, we found that obese girls with relatively high baseline plasma leptin Figure 1 Relationships between body mass index (BMI) and plasma leptin levels in obese boys and girls. Predicting future weight gain M Savoye et al levels for their BMI had a greater increase in weight as expressed by change in BMI Z-score than obese girls with 'lower leptin' levels over $ 2.5 y of follow-up. In contrast, after a follow-up of 2.5 y, in obese boys plasma leptin levels were not found to predict changes in BMI.
As previously reported, 8 we found in obese boys and girls a significant positive correlation between leptin levels and BMI (Figure 1) . Thus, in general, leptin levels in obese children (like in adults) are elevated in proportion to the degree of adiposity. However, it is noteworthy that there was a subset of both boys and girls that had surprisingly low leptin levels with respect to their degree of obesity and another group had high leptin concentrations with respect to the leptin for BMI relationship. The mechanism responsible for these differences in circulating leptin levels in obese children with similar levels of adiposity is unclear. Circulating leptin levels are known to be influenced by a number of factors such as adipose cell size 9 and fat depots, 8, 10 differences in fat intake, 11 and hormonal factors such as insulin, 12 cortisol, 13, 14 and gonadal steroids. 15, 16 In addition, genetic factors may also determine differences in leptin levels. Unfortunately, the children were already obese at baseline, therefore we were unable to determine any possible alteration in leptin synthesis or secretion that might have preceded the onset of obesity. In contrast to a report by Van der Merwe et al, 17 we found no ethnic difference in leptin levels in our study, which could be explained by the small number of African-Americans participating in the study.
Our results are consistent with the observation by Chessler et al, 5 who reported in Japanese Americans an association between relatively increased leptin levels and subsequent weight gain and adiposity. Although we have studied a relatively small group of obese children with already elevated leptin levels, our study, as well as that from Chessler et al, 5 suggests that reduced leptin action may be a potential factor contributing to excessive weight. It should be noted that, in the study by Chessler et al, 5 higher leptin levels correlated with fat accumulation in both men and women, whereas we found this association only in girls. Differences in sample size and age may account for the disparate findings. The gender dimorphism in the association between leptin and subsequent weight gain found here is of particular interest. It is conceivable that the different gonadal steroid milieu in boys and girls at puberty has opposite effects on leptin sensitivity. It is becoming evident that androgens inhibit leptin production and that the variability in circulating leptin levels in obese boys and men are, to some extent, accounted for by the circulating testosterone levels. 16 While leptin concentrations fall during late puberty in boys, they continue to rise throughout puberty in girls. 18 Indeed, estrogen increases in vivo leptin production in rodents and humans. 19 Thus, the hormonal changes in gonadal steroids during puberty have opposite effects on leptin production and perhaps also on the central and peripheral leptin sensitivity. In a recent study, Horlick et al 15 found a significant gender-based difference in circulating leptin levels in late puberty (Tanner stages IV and V), but not in prepuberty or early puberty. Consistent with their findings, we did not find any significant difference in leptin levels in prepubertal obese boys and girls, whereas in obese adolescent girls leptin levels were 36% higher than the leptin levels in obese adolescent boys. The gender difference in leptin levels seem to be independent from differences in body fat mass. 8 In the present study, we found that the predictive role of high leptin levels for future weight gain was restricted only to the female gender. Although we have no explanation for this phenomenon, it is interesting to speculate that females might develop a greater resistance than males to the central effects of leptin on the hypothalamic nuclei involved in the regulation of energy intake. Leptin resistance in females may be a normal physiologic mechanism necessary for allowing weight gain, particularly during critical periods such as pregnancy and lactation.
Recently, Byrnes et al 20 reported an inverse relationship between plasma leptin and weight gain after 1 y in a cohort of normal-weight Australian prepubertal children. Likewise, Ahmed et al 21 found that prepubertal low leptin levels in girls, but not boys, predict gains in the percentage body fat. It should be noted that, in those studied, the children were non-obese and were prepubertal, whereas we have studied obese children and found significant differences only in pubertal girls with elevated leptin. Limitations of our study are the small sample size and the lack of direct measures of adipose mass. BMI, however, is significantly correlated with subcutaneous and total body fat mass in adolescents 22 and is highly specific for those with the greatest amount of body fat. 22 We found a strong relationship between BMI and total body fat mass measured by DEXA scan in lean and obese boys (r ¼ 0.88, P < 0.0001) and lean and obese girls (r ¼ 0.89, P ¼ 0.0001, personal unpublished data).
In the present study, we also explored the relationship between fasting insulin levels and subsequent weight change. Interestingly, we found that obese prepubertal boys and girls with the highest fasting insulin at baseline gained more weight than those with lower fasting insulin concentrations. Thus, BMI at follow-up was linearly related to baseline fasting insulin levels after adjusting for baseline BMI (partial r ¼ 0.52, P < 0.01). Similar findings were also found in pubertal boys. Hyperinsulinemia in children may be a significant predictor of future weight gain. Our findings are consistent with two other longitudinal studies performed in Pima Indian children 23 and in a group of Caucasian and African-American children. 24 The opposite, however, has been reported in adult obese Pima Indians. 25 In summary, in this small number of obese children, high leptin levels are associated with excessive future weight gain only in girls. Further studies in a larger pediatric population are needed to determine whether circulating plasma leptin concentrations predict future weight change in children and adolescents.
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